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Control strategies for urban ozone traditionally have been based on mass reductions in 
volatile organic compounds (VOCs). Studies show, however, that some organic gas 
species (such as alkanes and alcohols) form an order of magnitude less ozone than equal 
mass emissions of others (such as alkenes and aldehydes). Chemically detailed photo- 
chemical models are used to assess uncertainty and variability in reactivity quantification. 
VOC control strategies based on relative reactivity appear to be robust with respect to 
nationwide variations in environmental conditions and uncertainties in the atmospheric 
chemistry. Control of selective organic gas species on the basis of reactivity can offer cost 
savings over traditional strategies. 

Tronosnheric ozone, formed from nonltn- etes. Of the hundreds of different VOC 
A A u 

ear reactions between VOCs and nitrogen compounds emitted, each has a different 
oxides (NO,), is a primary constituent of impact on ozone levels. The relative ozone- 
urban smog (1). Estimates of VOC control forming potentials of individual VOCs, or 
costs needed to attain the National Ambi- "reactivity," can differ by Inore than an 
ent Air Quality Standard (NAAQS) for order of magntti~de from one compound to 
ozone of 0.12 parts per million are on the another. For example, in a typical urban 
order of billions of dollars per year, and in atmosphere, 1 kg of ethane will form about 
the most severely impacted regions, the two orders of tnagnttude less ozone than 1 
necessary control technologies have not kg of formaldehyde. Ignoring the reactivity 
been identified co~npletely (2,  3). Despite of emissions when regulations are devel- 
considerable resource investment since the oned ma\! lead to ineffective, inefficient 
promulgation of the NAAQS, most large control shategies and possibly even lead to 
cittes do not meet this standard. A varietv measures that worsen air qualitv. Consider- 
of new directions are be~ng explored to find 
more effect~ve control strategies. One path, 
controlling NO, emissions Instead of VOC 
emissions, appears to be most effective for 
regional transport problems, in rural areas, 
and in urban areas with high biogenic VOC 
emissions. However, in the largest urban 
areas with the worst ozone problems, reduc- 
ing VOC emissions also appears to be effec- 
tive ( 1 ,  2 ,  4). Currently, control strategies 
and air aualitv reeulations are based on 

. , 

ation of reactivity focuses control efforts on 
those etnissions with the greatest impacts 
on urban ozone. Other compelling reasons 
to consider reactivity-based strategies in- 
clude providing strong incentives for accu- 
rate determination of emissions composi- 
tions, for polliltton prevention through 
product redesign or reformulat~on, and the 
potential for large reductions In etnissions 
control costs (5). We have examined the 
scientific basis for reactivitv-based VOC . , L> 

reducing the total mass of VOCs etnltted regulations by quantifying the variability 
(excluding methane). and uncertainties in reactivitv estimates. 

There i re  a nuliber of reasons to con- We suggest that estimates of ;he relative 
sider incorooratine sneclflc information itn~~acts of indivtdual VOCs on ozone can 
about the i&lividu;l L ~ O C  specles emitted beLincorporated into control strategies in 
in designing more effect~ve control strate- order to refine control efforts nationwide. 

Here we describe the analvsis nrocedures , L 

A. Russell IS In the Departments of Mechan~cal Engineer- to quantify voc reactivity, with par- 
Ing and Eng~neering and Public P o c y  Carnegie Melon 
unlversltv, plttsburah, PA 15213, ~ i l f ~ ~ d  the ticular attention to the reactivity scale used 
~epar tmknt  of ~e&nica l  ~ n g n k e r i n ~ ,  University of Coi- for automobile emission regulations in Cali- 
orado, Boulder. CO 80309, USA. M. S. Bergin and L. fornia (6). Although reactivity-based regllla- 
McNar are in the Department of Mechanca Engneering, 
Carneqe Melon Un~versity, Pittsburqh. PA 15213, USA. are 'lsed In the 
S ~ c ~ r ~ d e  IS In the Deoartment of Enaneer~na and Pub ootent~al env~rontnental and economlc ad- 
lic Pocy ,  Carnege Mellon ~n~vers i$ ,  ~ i t ts rbur~h,  PA bantages of approach and the adoptlon 
15213, USA. Y. Yang IS in the Department of CIVI Engl- 
neerlng, unIverslty of c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  Storrs, CT 06269, of California vehicle regulations elsewhere 
USA. W R. Stockwell IS at the l ~ ~ - ~ r a u n h ~ f e r  nst~t i i t ,  (notably the Northeast) broaden the need to 
Garmisch-Partenkrchen, Germany. B. Croes IS at the Llnderstand the scientific foLlndations, criti- 
California A r  Resources Board, Sacramento, CA 9581 4, cisms, benefits, and research is- , , - A  uon. 

sues associated wtth reactivity weighting (7). 
*To whom correspondence should be addressed. 
?Present address: National Renewable Energy Labora- We examine the of 
tory, Golden. CO 80401. USA. measures on ( i )  envtron~nental condttions, 

particularly meteorology and precursor ra- 
tios; ( i t )  the level of chemical and physical 
detail and uncertainty in the models used for 
quant~fying reactivity; and (iii) the uncer- 
tainties in em~ssions comnositions. Our anal- 
ysis shows that the relat~ve reactivity of 
emissions mixtures, such as exhaust from 
alternatively fueled vehicles normalized to 
etnissions from a base case fi~el, is not verv 
sensitive to any of these three factors. In 
conclusion, we present the results of an eco- 
nolntc analys~s which shows that strategies 
that use reactivitv-based controls are not onlv 
more effective than those relying on mass: 
based controls but can also be less expenstve. 

We used photochemical air quality mod- 
els and a vartety of analysis methods. The 
two classes of photochetnical models that 
have been used most extensively are chetn- 
ically detailed but phystcally si~npl~fied ze- 
ro-dimensional box models (8-1 3) and 
more comprehensive, phystcally detailed, 
three-dimensional (3D) airshed models 
110, 11, 14-17). The method currentlv 
used for react~vity quantification in Califor- 
nia was developed by Carter (8), who used 
a box model, and is based on the SAPRC90 
chemical mechanism (18) to quantify how 
an incremental change in the etnissions of a 
specific VOC \vould affect ozone. In addi- 
tlon to examining. results from Carter's - 
studies, we have also developed and applied 
both a box tnodel (10-12) and a chemically 
detailed 3D tnodel (1 6 ,  17, 19) for studying 
reactivitv issues. For both models, atmo- 
spheric dhemlstry is treated using aversion 
of SAPRC90 with 91 snecies 127 detailed 
organics) and 203 reactions.  he box tnodel 
is used for statistical analvsis of reactivitv 
quantification and uncertainty estimation 
over a wide range of variables. The more 
comprehensive 3D model is used to exam- 
me the dominant uncertainttes identified 
through use of the box tnodel while ac- 
counting for transport and multiday effects, 
and for estimation of pollutant exposure 
metrics. A Itnear optimization cost analysis 
tnodel is develo~~ed to examine econo~nic 
impacts of explicitly accounting for reactlv- 
tty In control strategy design. 

To illustrate the use of reactivity in the 
development of control strategies and reg- 
ulattons, we consider the reactivity scale 
used in California's Low Emiss~on Veh~cle 
(LEV) and Clean Fuels Regulations (20). 
Recently, Carter (9)  used a chetnically de- 
tailed, photochemical trajectory model to 
quantify the ozone formed from 180 dtffer- 
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oline (NR,). The ratio of the reactivity of 
the alternative file1 to that of standard gas- 
oline is called the reactivity adjustment fac- 
tor IRAF) and is used to tnodifv the allow- 

MIRs. As shown in Table 1, the SDs of the 
normalized reactivities are significantly less. 
The NRs of exhaust from vehicles operated 
on six fuels (6) are shown by box plots in 
Fig. lA,  indicating the variation in the 
calculated MIR values across the 39 cities. 

ent VOCs in 39 cities across the United 
States. Eighteen reactivity scales were de- 
veloped frotn those model calculations. The 
scales differ in the assutnptions about the 
levels of NO, and the measure of ozone 
impact (such as impact on the peak ozone 
versus integrated impact over time). One 
scale, the maximum incremental reactivity 
(MIR) scale, has been chosen for regulatory 
application in California. MIRs for individ- 
ual VOCs are calculated in 10-hour box 
model sitnulations and are defined as the 

able mass emissions rate fro111 alternatively 
fueled vehicles: 

The variat~on in absolute ozone-forming 
notentials across cities is substantial. HOW 
ever, when the reactivities of exhaust frotn 
alternativelv fueled vehicles are norlnalized 
by the reac'tivity of standard gasoline ex- 
haust (that is, the RAF 1s calculated), vari- 
ation among cities is sharply diminished 
(Fig. 1B). The itnportant point here is not 
the absolute magnitude of the RAF, which 
will change as the colnposition is modified 
by control technology changes, hut that the 

maximum sensitivity of the peak ozone con- 
centration ([O3Ip) to a stnall increase in the 
initial conditions and etnissions of the 
VOC (E,). The MIRs are found for the 
input ratio of VOCs to NO, that leads to 
the maximu~n sensitivity to VOCs: 

RAFs calculated for exhaust emissions for 
five fuels, ( i )  standard gasoline (as the base, 
b), (ii) phase I1 reformulated gasoline, (iii) 
85% methanol-15% gasoline blend (M85), 
(iv) liquefied petroleum gas (LPG), and (v )  
compressed natural gas (CNG), are given in 
Table 2. For exatnnle. the RAF for M85- 

RAF is relatively ~nvariant across the cltles. 
This variation does not ~nclude the uncer- 

1 ,  

fueled vehicle emissions indicates that on a 
mass-weighted basis, those emissions should 

tainty due to the emissions composition, 
which is nresented below. 

produce about 37% as tnuch ozone as the 
same tnass emltted from a pasoline-fueled 

Another issue of concern associated 
w ~ t h  environtnental variability is that the 
relatlve abundance of VOCs and NO, can 
differ lnarkedlv between locations, but the 

Exatnples of MIRs are given in Table 1, 
which shows both their averages and stan- 
dard deviations across 39 sets of sitnulation 

- 
vehicle under urban conditions. Under the 
California reeulations. M85-fueled vehicles 

conditions representing different cities. Typ- 
ically, MIRs are observed at relatively low 
VOC/'NO, ratios (about 4 to 6 ppm C:l ppln 
NO,), as tnight be expected in dense source 
regions. This indicates that the MIR scale 
will be more applicable to urban core condi- 
tlons, where VOC control is most effective, 

- 
could then emit 2.7 times as much mass, 
leading to an equivalent ozone impact. 

One of the tnost widely noted criticisms 
of uslng VOC reactivity for developing con- 
trol strategies is the possible large variation 
of individual cotnpound reactivities be- 
tween locations as a result of both the 

MIR scale was developed for conditions of 
relatively high NO, that are tnost typical of 
urban areas. In California, the MIR scale 
was chosen intentionally to completnent 
NO, control. At lower NO, levels, it IS 

expected that the absolute level of ozone 
production of any ind~vidual VOC will be 
less than iunder MIR conditions (the level 
of NO,, not VOCs, becomes the limiting 
factor). This effect is investigated in two 

change in atmospheric conditions as well as 
the change in the relative abundance of 
VOC and NO, (7). Although such varia- 
tion might appear to complicate the use of 

than to rural conditions where ratios are 
usually higher (and NO, controls are more 
effective). Thus, the use of the MIR scale is 
tneant to cotnpletnent, not replace, NO, 
controls. To determ~ne the ozone formed per 
unit tnass of emissions from a specific source 
[that is, the net reactivity (NR,) for source j], 
the MIR of each comnound is multinlied bv 

a single reactivity weighting scheme across 
regions, box and airshed modeling results 
ind~cate that the variation in relative reac- 
tivities is not so severe. In the MIR scale, 

the tnass fraction of the cotnpound in the 
emissions ( f i , ) ,  and the weighted emissions 

cotnpound reactivities are an average of 
those quantified for conditions in 39 c~ties. 
The absolute MIRs of individual com- 
pounds vary significantly between locations 
(9), as demonstrated by the SDs of the 
reactivities across the cities (Table 1). On  
average, the SDs are about 22% of the mean 

fractions are then summed: 

NR, = 2 MIR, (2) 
, = I  

0'0 M85 LPG Phase2 
CNG E85 RFA 

$ 0.8 
s 

0.6 
3 

For application in California, the MIR scale 
is used to quantify the reactivity of the 
exhaust emissions from alternatively fueled 
vehicles, scaled to the reactivity of exhaust 
emissions from a vehicle using standard gas- 

reactivity values. However, the intercity 
variation is tnuch lower for RAFs or when 
the MIR is normalized. Normalized MIRs 
are calculated by dividing each specie's city- 
specific MIR by the geometric mean reac- 
tivitv of all the snecies reactivities for that 
city, and multiplying by the geometric 
mean reactivity of the 39-city average Table 1. Examples of MlRs and variations be- 

tween locations (mean and SD). 

Mean reactivities n n 
Table 2. Exhaust reactvity adjustment factors (6, 
74). Corn- 

3V 

cities (nonnormalized/ 
pound (nonnormalized/ 

normalized, normalized) 
Fuel 

Fuel MR-RAF MOR-RAF Fig. 1. Boxplots of the calculated (A) net reactiv- 
ities (NRs) and (B) normalized reactivltles (RAFs) 
across cities. The median is represented by a hor- 
izontal n e .  The edges of the boxes represent 
rough quantiles in the data. Horlzonta n e s  repre- 
sent the extremes of the data, and outers are 
represented by stars. 

HCHO 7.2/7.1 1.0/0.58 
Methanol 0.56/0.55 0.1 1/0.064 
Ethane 0.25/0.24 0.070/0.045 
Toluene 2.7/2.7 0.52/0.28 
Pentene 6.2/6.1 1.2/0.64 

Base 1 .OO 1 .OO 
Phase II 0.94 0.97 
M85 0.37 0.38 
LPG 0.47 0.57 
CNG 0.43 0.49 
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ways. First, Carter developed an alternative 
scale, the maximum ozone incremental re- 
activity (MOIR) scale, which is similar to 
the MIR scale, except that the sensltlvity is 
evaluated for initla1 VOC/NO, collditions 
leading to the maximum ozolle level (ill- 
stead of conditions for \vh~ch the seilsitivity 
is greatest): 

Cond~tions leadiilg to the MOIR are calcu- 
lated to occur at higher VOC/NO, levels 
(about 7 to 8 :  1) than those associated with 
the MIR scale. MOIR-based RAFs [Table 2 
and (6,  14)] are similar to those calculated 
with MIR values. Carter (9)  also examined 
ho\v using other measures of ozone sens~tiv- 
ity (such as the effect on time-integrated 
concentratioi~s instead of peak concentra- 
tions) would affect RAF values, and found 
relativelv little variation. In a second test of 
hovr changes in the relative abundance of 
VOC and NO, affect reactivity weighting, 
two emissions inventories, differing in their 
VOCINO, ratios bv about a factor of 2 .  were . .\ 

used in an airshed Aodeling study to test the 
efficacy of reactivity weighting of exhaust 
emissions (15). Reactivity weighting led to 
nearly equivalent ozone impacts \vhen either 
inventorv was used. That studv also consid- 
ered two ozone episoiies with sigilificantly 
different meteoroloeical conditions. Reactiv- 
ity weighting of emissions, agalil, led to sim- 
ilar ozone impacts for both episodes (vrithin 
an uncertainty of about 10'36). 

A secolld concern freauentlv raised w ~ t h  
the use of reactivity weigilting is the effects 
of uncertainties and level of detail in the 
physical and chemical represeiltatioil used 
for quantifying reactivity. A specific concern 
regarding the phys~cal level of deta~l  stems 

from the MIR scale being developed with 
the use of a zero-dirnens~oi~al model. Such 
simplified models lack realistic treatment of 
pollutant transport and mixmg, which could 
lead to poor characterizatioil of reaction 
rates and conseq~rently of reactiwties. More- 
over. MIRs have been developed on the bas~s 
of 10-hour s~mulations, whereas some organ- 
ic compounds may remain in an urban air- 
shed for 2 to 3 days. To  investigate these 
issues, we applied an advanced, 3D photo- 
chemical model with the SAPRC9O mech- 
anism to the Los Al~geles basin ( 1  6 ,  17). 
Detailed source emissions anii meteorology 
for a ?-day period (27 to 29 August 1957) 
were used (2 1 ). This is one of the periods for 
which the model has bee11 exte~~sively eval- 
uated. Ozone impacts, on a per carbon basis, 
of an incremental increase in the emissions 
of 28 VOCs were calculated relative to a 
base mixture representing gasoline vehlcle 
exhaust. Use of the airshed model allows 
quantification of the impact of emission 
changes and reactivity on population- 
weighted ozone levels and spatial ozone im- 
pacts, as well as peak ozone levels (22). 

Correspoi~dei~ce bet\veen two of the 
airshed metrics and the box model MIR 
( 9 )  scales is shown in Fig. 2.  The  airshed 
modeliierived spatial and populatiotl 
density-weighted results behave similarly 
to MIRs. The  greatest differences are 
found for formaldehvde. and other com- 
pounds whose reactivities are highly de- 
uendent on  photolvtic reactions. This is 
Lxplained byLthe use of a reduced photol- 
vsis rate in the airshed inodelil~e to ac- 
co~rn t  for the observeii clot~ii cover. T h e  
box model used clear skv conditions. The  
reductions in the reactivities are consis- 
tent with the sel~sltivity to the rate con- 
stants for the photolytic reactioi~s (10) .  In 

CIT populat~on threshold exposure 
- -- 

Fig. 2. Results and comparison of reactivty metrics for reactvity quantfcation. 
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general, airshed model results for Los An- 
geles agree well with MIRs and further 
show that individual organics have very 
different ozone impacts. Similar studies 
should be considered for other regions 
(such as the Ozoi~e  Transport RegLon of 
the northeaster11 United States). 

A tl?ird coilcern often raised is that the 
uuantification of comuound reactivities is 
limited by ~~i~certaint ies  in our knowledge of 
atmospheric chemistry and its representation 
through chemical mechanisms. Measure- 
ment errors in laboratory kinetic and prod- 
uct studies contribute to uncertaintv in the 
chemical mechallisins used to calculate in- 
cremental reactivities. Moreover. the reac- 
tions of many of the organic cornpo~~ilds 
emitted into urban atmos~heres have never 
been studied in controlled experiments. Their 
represelltation in chemical mechanisms is 
based on analogy to compounds of similar 
structure, creatine added uncertaintv. At issue 
is \vhetl~er the ullcertainties in the chemistry 
sig~lificantly iiupact the calculation of the 
reactivities for organic compounds. We used 
both the box model (10, 12) and airshed 
model (17) to esplore the extent to \vhich 
~~ncertainties in chemical rate paraineters irn- 
pact the calculated reactivities. 

Uncertainties in calculated reactlvities 
are estimated from box model simulations 
through use of Monte Carlo analys~s with 
Latin hypercube sampling. To  reduce c o n -  
putational reiluirements, the simulations 
are conducted for a single set of trajectory 
conditioi~s, which was designed by Carter 
(9 )  to give results close to the average MIRs 
from the 19 trajectories i~ationwide. Uncer- 
tainty estimates were compiled (23) for all 
of the rate parameters of the SAPRC90 
mechanism, largely from cotlcurrent re- 
views of kinetic data (24, 25). Rate param- 
eters are treated as lognormally distributed, 
il~dependei~t random variables. Results are 
shown in Fig. 3. 

Uncertainty estlinates ( l o )  range from 
30 to 50% of the mean MIR values, for most 
compounds. The estimated uncertaintv in 
the predicted peak ozone co i~ce i~ t ra t io i~  for 
the averaee MIR simulation conditions was 
about 30'%, relative to a meal, prediction of 
-0.15 p p m  For predicted O3 and MIRs, 
the most ii~tluential uncertainties are those 
111 rate parameters that control the ava~l-  
ability of NO, and radicals (12). For MIRs, 
uilcertainties in the rate parameters of pri- 
inarv oxidatioi~ reactions. or reactions of 
stable intermediates, are also influential. 
Uncertainties 111 111anr7 rate parameters have 
similar effects on the reactivities of various 
compounds, so the resulting MIRs are 
strongly correlated. For example, an in- 
crease in the photolysis rate for NO2 in- 
creases the reactivity of inost species by 
about the same proportion. Thus, the rela- 
tive reactivity of one species compared to 



even more ~ronounced  for RAFs of fuels a \\71de ranee of veh~cles are reuu~red to another is not affected as much as the ab- 
solute MIRs by ullcerta~nties in rate co11- 
stants. After the most influential rate pa- 
rameters are identifled by Monte Carlo sim- 
ulations, their values are varied, one at a 
time, in 3D a~rs l~ed  model simi~lations ( 1  7).  
This analysis confirmed the low sensitivity 
of relative reactivities to uncertainties in 
rate constants. The inlplication of this re- 
sult is clearly s11ou.n by the follo\ving anal- 
ysis of uncertainties in RAFs. 

For exhaust emissions from selected fuel- 
vehicle cornbinat~ons tested in the Auto/ 
0~1 Air Quality Improvement Research 
Program (AQIRP) (26), we calculated 
RAFs and assoc~ated uncertainties (10). 
Monte Carlo simulations with Latin hyper- 
cube salnpling are used for this analysis, 
treating both chemical rate parameters and 
exhaust cornpositions as random variables. 
Uncertainties in the exhaust colnvosit~ons 
were estimated from the variance and co- 
variance of elnissions of each colnpound 
,{cross the vehicles that the AQIRP study 
tested on a given fuel. Elnissiol~s of each 
compound were then treated as correlated, 
~~orlnal lv d~str~buted random var~ables. No 
attempt was made for this analysis to esti- 
mate uncertalnties associated wit11 whether 
the test vehicles were representative of vc- 
hicles on the road. 

Results of RAF uncertaintv calculations 
are shown in Flg. 4 for exhaLrst emissions 
from nrototvne flexible- and variable-fueled , . 
vehicles operated on M85 colnpared to ex- 
haust emissions from passenger cars operat- 
ed on industry average gasoline. The mass- 
based RAF for the AQIRP M85 exhaust - 
c o n l p o s ~ t ~ o l ~  has a meall value of 0.49 w ~ t h  
,111 uncerta~ntv of 17% ( lo relat~ve to the 
mean). Compared to the degree of uncer- 
tainty m the MIRs for H C H O  (32%) and 
MeOH (48%), the RAF uncertainty is sig- 
nificantly reduced as a result of lnterspecies 
correlation. This reduction in uncertalnty IS 
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Fig. 3. Mean values and 1 u uncertainties of MIRs 
for selected organic compounds, as calculated 
from uncertainties in k~netic parameters. 

such as reformulated gasoline that have ex- 
haust colnpositions closer to that associated 
with conventional gasoline. 

Further treatment of uncertaint~es should 
account for product yields and correlation 
alnong sonle rate parameters for the chemi- 
cal lnechanisnl used to calculate MIRs. Pre- 
liminary results have indicated that uncer- 
tainties m product yields also have a small 
effect on relative reactivities (27), but this 
question is being exalnined further with the 
airshed rnodel for specific application to al- 
ternative fuels ( 1  9) .  

Uncertainties in e~nissions co~nposition 
have been cited as confoundmg factors in 
the use of reactivity welghting for ozone 
control. We have previously addressed this 
issue through the co~nhined reactivity-corn- 
position uncertalnty estimate for M85 fuel 
discussed above. To  examine the role of 
variation in emissions composition across f ~ r -  
els, variances of RAFs were calculated with 
the use of exhaust co~nposit~on data (6)  for 
four alternative fuels and standard gasoline. 
The data consisted of mass fractions of VOC 
exhaust from transitional lo\\7-emiss1on vehi- 
cles (TLEVs) for each exhaust type and the 
SD associated u ~ t h  that fraction. Variances 
of the RAFs for each fuel are calculated by 
the Delta Method (28). Each fuel's RAF was 
calculated as the ratio of two normally d ~ s -  
tributed randorn variables, the MIR of the 
alternative fuel divided by the MIR of stan- 
dard gasoline. MIR values were calculated on 
the basis of the average MIR scale. The 
results are sho\vn in Fig, 5, \vhich displays 
the 5th, mean, and 95th percentiles of each 
fuel's RAF value. Co~nparison of Fig. 5, 
which has only one degree of uncertainty, 
with Fig. 4 suggests that much of the uncer- 
tainty results from the composition. Exhaust 
emission colnpositions are derived from a 
small nulnber of tests on a small number of 
vehicles, particularly for the alternatively ~ L I -  
eled vehicles (6).  Further, there is relatively 
little inforlnation on the effect of deteriora- 
tion on the species emitted. More tests across 

0.35 0.40 0 45 0.50 0.55 0 60 0.65 0.70 0.75 
RAF of Meth Z 

Fig. 4. Cumulative d~stribution function of the u n -  
cerianty in the RAF of prototype flexible-fueled 
M85 vehicles. 

better characterize the irnpact of uncertainty 
in fuel composition on calculation of RAFs. 

Source elnissions are usually not as well 
characterized as those from automobiles. 
Although lack of deta~led knou~ledge on the 
elnissions co~npositions of different sources, 
automotive and others. does add uncertain- 
ty to control strategy design, regulations 
that explic~tly credit industry for using less- 
reactive co~npounds could add a valuable 
economic incentive to more comoletelv 
characterize source emissions, particularly 
for the largest emitters. T h ~ s  has already 
been the case for automotive emissions. 
T h ~ s  information would he useful for better 
identifying the eff~cacy of controls and for 
other studies that depend on an accurate 
knowledge of emissions compositions (such 
as a basis for receptor modeling studies to 
helv determine em~ssions inventories). 

Although the results presented above 
suggest that relative reactivity scales are 
robust with respect to uncertaint~es in 
chemistry, environmental conditions, and 
emissions, and hence support accounting 
for VOC reactivity in developing strategies 
to control ozone, the economic conse- 
quences of doing so also warrant consider- 
ation. A mixed-integer progralnlning ap- 
proach to optimization of ozone control 
strategies across cost, tons of V O C  emis- 
sions, and reactiv~ties of VOCs indicates 
that there 1s potential for cost savings with 
the adoption of reactivity-based regulations 
(5). Using emission cornpositions and costs 
for the Los Angeles air basin, economically 
ontilnized VOC-based control strategies are 

u 

determined on  the basis of tn70 approaches, 
one neglecting and one accounting for the 
reactivity d~fferences of the enusslons. In 
the f~rs t  case, an optimlzed mass-based strat- 
egy is simulated such that the total VOC 
Inass reductions are ~naxirnized at each cost 
level. Second. a reactivitv-based scheme is 
assumed in which the react~vity of each 
source's emissions is calculated and the 
ozone reductions are maximized at each 
cost level. Results from the two approaches 

M85 CNG LPG E85 Phase2 
Fuel 

Fig. 5. Var~ation In RAFs due to exhaust compo- 
sition for four alternative fuels (5th, 50th, 95th per- 
centiles shown). 
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are co~npared in Fig. 6 for ozone reduction 
at a given expenditure level. 

Figure 6 depicts the results for the opti- 
mization model across different levels of total 
cost. Optimal reductions for mass- and reac- 
tivity-based systems are scaled according to 
source reactivities. From this graph, it is clear 
that on an annual basis the reactivity-hased 
system achieves the same ozone reductions 
at a lower total cost than the mass-based 
system. For example, at control costs of $15 
nlillion per year, the ozone reduction 
achieved with a reactivity-based scheme is 
ahout two times that achieved under the 
mass-based scheme. As control costs esca- 
late, the two methods converge, because a 
greater proportion of all sources will he con- 
trolled In both cases. Up to control levels of 
ahout 25% of the total controllahle emis- 
sions, the reactivity-based scheme gives 
greater ozone reductions for the same cost. 
The graph does not converge at zero because 
of the inclusion of a category with a negative 
cost-effectiveness. A negative value of cost- 
effectiveness IS estimated in this case because 
of anticipated savings from the reformula- 
tion of a particular coatings process. Further 
economic benefits heyond those found he- 
low can accrue over tlme as control technol- 
ogies are developed specifically for reactivity 
adiustment. Cities that can best utilize such 
strategies include those areas where ozone 
formation is VOC-limited, as is suggested for 
the coastal Cal~fornia c~ties, Phoenix and 
Chicago. Another application of reactivity 
quantification to lo\ver total control costs 
is as a hasis for V O C  emissions trading 
hetween sources. Without a sound foun- 
dation for quantifying the impact of one 
source's emissions compared to another, it 
is difficult to ensure that a V O C  trade 
would not adverselv i~nnact  air aualitv. 

2 k L ,  

This issue was of primary concern in the 
RECLAIM trading program in southern 
California where VOCs are not included 
in the program ( 2 ) .  

The use of reactivity adjustments in con- 
trol strategy des~gn allows a new avenue for 
air quality improvement. React~vity-based 

- Mass-based system 
,- Reactivity-based . . 

system 1- f 

Percent of controllable ozone abated 

Fig. 6. Percent of controllable ozone abated at 
different levels of total control cost. 

control strateeies include economic incen- 
tives which u~ould ensure that reformula- 
tion would lower reactive VOCs and i n -  
prove air quality. Present mass-based regu- 
lations credit industry for reducing tons of 
all VOCs, rather than for reducing the most 
reactive compounds. A hidden proble~n in 
reforrnulation regulations, familiar to the 
surface coating and consurner products in- 
dustries, is that while the reformulated 
product may elnit a smaller mass of VOCs, 
the composit~on of the enllssions may lead 
to greater ozone formation. Thus, the cost 
of reformulating may not necessarily yield 
improved air quality. By creating a regula- 
tory structure that u~ould promote selective 
control of VOCs with higher reactivity, 
reforrnulation and other control technolo- 
gies can be evaluated and developed with 
respect to trade-offs bet\veen reactivity and 
mass of emissions, leading to pollution pre- 
vention through a more cost-effective pro- 
cess and product design. 

Although there are still some uncertain- 
ties, this analysis suggests that hot11 scientific 
understanding and potential econornic ben- 
efits support the consideration of VOC re- 
activity weighting in ozone control strate- 
gies. Many of the uncerta~nties and criti- 
cisms previously raised about quantification 
of reactivities are found to he less pro- 
nounced when relative reactivity is used, as 
would be the case in regulatory practice. 
There are significant differences hetween in- 
dividual compound impacts even when the 
uncertainties are considered. Additional 
benefits of accounting for reactivity include 
increased incentives for industry to fully 
characterize its emissions and for pollution 
prevention through product reformulation. 
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